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Tumor necrosis factor (TNF) is the name given to a 
serum-derived factor that is cytotoxic for many trans- 
formed cell lines in vitro and causes the necrosis of cer- 
tain tumors in vivo (Carswell et al. 1975). The name 
lymphotoxin was proposed in 1968 for a factor with 
similar biological properties that is synthesized by mi- 
togen-stimulated lymphocytes (Granger and Kolb 1968; 
Ruddle and Waksman 1968). Both of these activities 
aie now known to correspond to distinct proteins. 
Many other proteins with cytotoxic activities have been 
described and given a variety of names; however, 
whether any of these activities can be attributed to cy- 
tokines distinct from TNF and lymphotoxin is still not 
clear. On the basis of structural homology and similar- 
ity in biological function, the names TNF-a and TNF- 
/5 have been given to TNF and lymphotoxin, respec- 
tively. Reviews on the current status of research on 
TNF-a (Old 1985; Pennica and Goeddel 1986) and 
TNF-i3 (Gray 1986) have appeared recently. 



TNF Protein and cDNA Structure 

Both TNF-a and TNF-jS are assayed by measuring 
cytotoxic activity on actinomycin-D-treated L-M cells, 
a sensitive clone of murine L929 fibroblasts (Kramer 
and Carver 1986). The biochemical characterization of 
the TNFs was greatly aided by the identification of cell 
lines capable of producing these cytokines after expo- 
sure to phorbol myristate acetate (PMA). TNF-a and 
TNF-|3 were found to be produced by the human pro- 
myelocytic cell line HL-60 (Pennica et al. 1984) and the 
human lymphoblastoid cell line RPMI 1788 (Aggarwal 
et al. 1984), respectively. Both proteins were purified 
to homogeneity by Aggarwal et al. (1984, 1985b,c). 
Amino acid sequence analysis of the purified cytokines 
permitted the design of synthetic DNA hybridization 
probes that were used to screen the appropriate cDNA 
libraries. Cloned cDNAs corresponding to human TNF- 
o£ (Pennica et al. 1984) and TNF-i3 (Gray et al. 1984). 
were isolated and characterized. 

On the basis of sequence analysis of cloned cDNAs, 
human TNF-a mRNA was shown to encode a precur- 
sor protein of 233 amino acids (Pennica et al. 1984). 
Amino-terminal sequence analysis of natural TNF-a 



(Aggarwal et al. 1985c) denionstrated that the mature 
protein of 157 amino acids is preceded by a 76-amino- 
acid signal sequence involved in protein secretion. The 
calculated monomeric molecular weight of 17,356 
agrees with the value determined experimentally by 
SDS-PAGE under reducing conditions. The two cys- 
teine residues of the mature TNF-a are linked by a di- 
sulfide bridge that is essential for cytotoxic activity 
(Aggarwal et al. 1985c). 

TNF-/3 mRNA contains an open reading frame of 
205 codons, the first 34 of which constitute a secretion 
signal sequence. Native TNF-j3 isolated from the RPMI 
1788 cell line is a glycoprotein that exists in two forms 
(20 kD, 148 amino acids, and 25 kD, 171 amino acids) 
differing by 23 amino acids at their amino termini (Ag- 
garwal et al. 1985b). Unlike TNF-a, TNF-jS does not 
contain any cysteine residues. 

A comparison of TNF-a and TNF-^ reveals a high 
degree of amino acid sequence homology. If two gaps 
are introduced, the sequences can be aligned so that 44 
amino acids (28 ^o) occur in identical positions (Fig. 1). 
The introduction of two additional gaps permits the 
alignment of nine more amino acids (34<7o overall ho- 
mology; Aggarwal et al. 1985c). It is likely that the two 
highly conserved regions (amino acids 35-66 and 
110-133; TNF-a numbering) are important for the sim- 
ilar cytotoxic activities of the two molecules and/or the 
recognition of the TNF receptor. Interesting differ- 
ences between the two proteins are found in the amino- 
terminal portion and in the region from amino acids 
67 to 109 (TNF-a numbering), where there are only two 
identical residues. 

Expression plasmids were constructed that direct the 
synthesis in Escherichia coli of mature recombinant 
human TNF-a (Pennica et al. 1984) and TNF-i8 (Gray 
et al. 1984). Both recombinant products have been pu- 
rified to homogeneity free of contaminating Hpopoly- 
saccharide (LPS or endotoxin). Specific activities of 
approximately 10* U/mg were determined for both 
TNFs in the L-M cell in vitro cytotoxic assay. 

The amino acid sequences of TNF-a (murine, rabbit, 
and bovine) and TNF-j3 (murine and bovine) from other 
species have been deduced by cDNA and genomic DNA 
sequencing. These amino acid sequences are compared 
in Figures 2 and 3. The high degree of amino acid con- 
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servation among the various TNF-a and TNF-/3 se- 
quences is not surprising in view of the cross-species 
activities observed for these proteins (Pennica et al. 



TNF Gene Structure 

TNF-a and TNF-^ are homologous cytokines that 
Share many biological properties, yet are produced by 



distinct cell types. To understand more precisely their 
differential regulation, we compared the structure and 
organization of the human TNF genes (Nedwin et al. 
1985). Human TNF-a and TNF-^ were found to each 
be encoded by a single gene. Furthermore, both genes 
are about 3 kbp in size and are split by three introns. 
However, only the third intron is located in a homolo- 
gous position in the two genes (preceding amino acids 
8 and 35 of TNF-a and TNF-/J, respectively; see Fig. 
.1). Only the fourth exons. which encode the majority 
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MSTESMIRDVELAEEALPKKTGGPQGSRRCLFLSLFSFLIVAGATTLFCLLHF6VIGP0R 

MSTKSMIRDVELAEEVLSEKAGGPQGSRSCLCLSLFSFLLVAGATTLFCLLHFGVIGPOR 

MSTESMIROVELAEGPLPKKAGGPQGSKRCLCLSLFSFLLVAGATTLFCLLHFRV GPOE 
MSTESMIRDVELAEEALPQKMGGFONSRRCLCLSLFSFLLVAfiATTi Fn i Mcr.i/icDnD 



VIGPQ 



1 

EEF-PRDLSLISPLAQA— VRSSSRTPSOKPVAHVVANPQAEGQLQWLNRRANALLANGV 
EEQVPSGPSINSPLVQ— TLRSSSQASSNKPVAHVVA0INSPGQLRWW0SYANALMAN6V 
EEQSPNNLHLVNPVAQMVTLRSASRALSOKPLAHVVANPQVEGQLQWLSQRANALLANGM 
DEKFPNGLPLISSMAQTLTLRSSSQNSSDKPVAHVVANHOVEEOLEWLSORANAl I aZa 



ELRDNQLVVPSEGLYLIYSQVLFKGQGCPSTHVLLTHTISRIAVSYQTKVNLLSAIKSP'C . 

KLEDNQLVVPAE6LYLIYSQVLFRGQGCP-PPPVLTHTISRIAVSYQTKVNILSAIKSPC 

KLTDNQLVVPADGLYLIYSQVLFSGQGCR-SYVLLTHTVSRFAVSYPNKVNLLSAIKSPC 

DLKDNQLVVPADGLYLVYSQVLFKGQGCP-DYVLLTHTVSRFAISYQEKVNLLSAVKSPC 
L DNQLVVP GLYL YSQVLF GQGC , LTHT SR A SY KVN LSA KSPC 

QRETPEGAEAKPWYEPIYLGGVFQLEKGDRLSAEINRPDYLDFAESGQVYFGIIAL 157 

HRETPEWAEAKPWYEPIYQGGVFQLEKGDRLSAEINLPDYLDYAESGQVYFGIIAL 156 

HRETPEEAEPMAWYEPIYLGGVFQLEKGDRLSTEVNQPEYLDLAESGQVYFGIIAL 156 

PKDTPEGAELKPWYEPIYLGGVFQLEKGDQLSAEVNLPKYLOFAESGQVYFGVIAL 156 
TPE AE WYEPIY GGVFQLEKGD LS E N P YLD AESGQVYPG lAL 

2- Amino acid sequences of human (Pennica et al. 1984), bovine (D. Goeddel et al.. unpubl.). rabbit (Itch and Wallace 
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of the mature proteins, have significant DNA sequence 
homology (56%). 

The human TNF genes were localized to the p23"-^ql2 
region of chromosome 6 through Southern blot analy- 
sis of human-murine somatic-cell hybrids (Nedwin et 
al. 1985). We have recently shown that the two genes 



are very closely linked; the polyadenylation site of the 
TNF-^ gene is separated from the transcription-initia- 
tion site of the TNF-a gene by only 1221 bp. Both have 
the same orientation with respect to the direction of 
transcription. The regions immediately flanking the 
two genes are extremely homologous in the human, 



Human -34 MTPPERLFLPRVCGTTLHLLLLGLLLVLLPGAQGLPGVGLTPSAAQTARQHPKMHLAHST 

Bovine -33 MTPPGRLYLLRVCSTPP-LLLLGLLLALPLEAQGLRGIGLTPSAAQPAH^^^^^^ 

Mouse -33 mLGRLHLLRVLGTPP-VFLLGLLLALPLGAQGLSGVRF-SAARTAHSw 

Consensus MT RL L RV T LLGLLL L AQGL G SAA A 
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Bovine 
Mouse 
Consensus 



Human 
Bovine 
Mouse 
Consensus 



27 LKPAAHLIGDPSKQNSLLWRANTDRAFLQDGFSLSNNSLLVPTSGIYFVYSQVVFSGKAY 
or !-!^^^^LVGDPSTQDSLRWRANTDRAFLRHGFSLSNNSLLVPTSGLYFVYSQVVFSGRGC 
25 LKPAAHLVGYPSKQNSLLWRASTDRAFLRHGFSLSNNSLLIPTSGLYFVYSQVVFS^^^ 
LKPAAHL G PS Q SL WRA TDRAFL GFSLSNNSLL PTSG YFVYSQVVFSG 

87 SPKATSSPLYLAHEVQLFSSQYPFHVPLLSSQKMVYPGLQEPWLHSMYHGAAFQLTQGDQ 
oc ^^S^IPIPLYLAHEVQLFSPQYPFHVPLLSAQKSVCPGPQGPWVRSVYQGAVFLLTRGDQ 
85 SPRAIPTPIYLAHEVQLFSSQYPFHVPLLSAQKSVYPGLQGPWVRSMYQGAVFLLSKGDQ 
PA P YLAHEVQLFS QYPFHVPLLS QK V PG Q PW S Y GA F L GDQ 



147 LSTHTDGIPHLVLSPSTVFFGAFAL 
147 LSTHTDGISHLLLSPSSVFFGAFAL 
145 LSTHTDGISHLHFSPSSVFFGAFAL 
LSTHTDGI HL SPS VFFGAFAL 



171 
171 
169 



Human 
Bovine 
Mouse 
Consensus 

SnVMF'r.^'^il f "^^^l^^^f ?C human (Gray et al. 1984). bovine (D. Goeddel et al.. unpubl.). and murine (RW. Gray, 
unpubl.) TNF-^. (- 34 to - 1) Ammo acids of the signal sequences. "Consensus" indicates the residues that are identical in all 
cnree sequences. 
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murine, and bovine genomes (D.V. Goeddel et al., un- 
publ.). 

Regulation of TNF-a and INF-jS Synthesis 

TNF-or and are produced by activated mac- 

rophages (Carswell et al. 1975) and lymphocytes (Gran- 
ger and Kolb 1968; Ruddle and Waksman 1968), re- 
spectively (Stone-Wolff et ah 1984). We have examined 
the inducibility of both TNF-a and TNF-/? by mitogens 
on 30 different cell lines representing many cell types. 
As TNF-a and TNF-^ behave similarly in the L-M cell 
cytotoxic assay, they were distinguished by neutraliza- 
tion of activity with the corresponding monoclonal 
antibodies. Northern blot analysis using TNF-a and 
TNF-^ cDNA probes was also performed to determine 
which TNF was expressed. 

Although normal T lymphocytes have been reported 
to be the cellular source of TNF-jS (Ruddle et al. 1983), 
we have not detected any TNF activity after exposure 
to the mitogen PMA using two human T-cell lines 
(Molt-4 and Jurkat). However, all six B lymphoblastoid 
cell lines examined produced high levels of 
Similar results were seen by Williamson et al. (1983), ' 
but they did not distinguish TNF-a and TNF-jS activi- 
ties. 

The majority of the human and murine macrophage 
cell lines tested (including HL-60, U937, PU5-1.8, RAW 
264, P388D,, J774, and WRI.7) produce TNF-a but not 
TNF-0 when stimulated with mitogens. This result was 
confirmed by Northern blot hybridization with the 
TNF-a and TNF-/J cDNA probes. Other cell types, such 
as normal endothelial cells, rat glial cells (C6), IL-3. 
dependent normal bone-marrow-derived mast cells, and 
a mast cell line (Al) are capable of producing TNF-a 
but not TNF-/?. Most nonlymphoid cell lines (including 
HeLa, A549, T24, WI38, K562, ME-ISO, HT-29, MCF, 
SKCO-1, A.431, HT1080, 7860, NRK. Rat-1, and C127) 
do not produce TNFs in the presence or absence of the 
mitogen. 

The expression of both TNF-a and TNF-^S mRNAs 
is transient even in the presence of continuous mito- 
genic stimuli. TNF-a mRNA in murine macrophage 
PU5.1.8 cells is detectable 1 hour after induction with 
PIVIA, is highest at approximately 2-4 hours, and be- 
comes undetectable by 12 hours. In contrast, TNF-/J 
mRNA in the B lymphoblastoid cell line 1788 begins to 
increase at 4 hours, reaches its maximal level at 12-24 
hours, and decreases to the basal level after 48 hours. 
Thus, induction of TNF-a is faster than induction of 
TNF./3. 

The effect of physiological mediators or cytokines 
on the expression of TNF was also examined. Gluco- 
corticoids, known to be immunosuppressive agents 
(Claman 1972; Vischer 1972), have been sHown to in- 
hibit la antigen expression (Wong et al, 1984) and lym- 
phokine production (Arya et al. 1984; Culpepper and 
Lee 1985). We found that the glucocorticoid dexameth- 
asone inhibited TNF-a mRNA expression in HL-60 
cells (Fig. 4). Similar results were obtained by Beutler 
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Figure 4. Regulation of TNF-a mRNA levels in HL-60 cells. 
HL-60 cells (5 x W cells/ml) were treated with PMA (50 ng/ 
ml) m the presence or absence of dexamethasone (Dex) 
(5 X 10-7 M), PGE2 (50 ng/ml), PGAa (50 ng/ml), cyclohex-" 
imide (1 /ig/ml), interleukin-l (100 U/ml), and LPS (10 fig/ 
ml). After 3 hr, total RNA was extracted, poly(A) RNA was 
prepared, and Northern hybridization was performed as de- 
scribed previously (Thomas 1980). Each lane contained about 
I fig of poly(A) RNA. Hybridization was performed using a 
"P-labeled TNF-a cDNA probe. 



et al. (1986) using murine macrophages. Other gluco- 
corticoids (prenisolone, hydrocortisone, and corticos- 
terone), but not sex steroids (testosterone, estrogen, 
and progesterone), inhibited the production of TNF-c^ 
in macrophage cell lines (HL-60, U937. PU5-1.8) and 
TNF-/5 in B lymphoid cells (RPMI 1788, IM9). 

Prostaglandin E (PGE), which is an important mod- 
ulator of inflammation and cellular immune responses 
(Goodwin and Webb 1980), also down-regulates the 
expression of TNF-a mRNA in HL-60 cells (Fig. 4), 
whereas prostaglandin Aa or Fa had no inhibitory ef- 
fect. Similar inhibitory effects of PGE, and PGEj on 
the expression of TNF-o: by other macrophage cell lines 
(U937, PU5-1.8, RAW 264, P388D,, and J774) were 
observed. Indomethacin, a cyclooxygenase inhibitor 
(Sheen and Winter 1977), enhances the production of 
TNFs in both macrophages and B lymphoid cells. Sur- 
prisingly, PGE, or PGEj does not suppress the produc- 
tion of TNF-i3 mRNA or biological activity in two B 
lymphoid cell lines (RPMI 1788 and IM9). It will be of 
interest to examine how the differential expression of 
TNF-a and TNF-/3 is regulated by PGEs. 

The protein synthesis inhibitor cycloheximide fur- 
ther enhances the accumulation of both TNF-a (Fig. 4) 
and TNF-^ mRNAs induced by PMA. The production 
of TNFs by macrophages and lymphoid cells can also 
be enhanced by the lymphokine interferon.7 (IFN-7). 

Normally, LPS alone does not induce TNF-i3 in 1788 
or IM9 cells. However, LPS in combination with PMA 
gave at least a tenfold greater increase in both TNF-jS 
mRNA and biological activity than did PMA alone. 
Similarly, the induction of TNF-a mRNA in HL-60 
cells by the combination is greater than by either in- 
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Auction alone (Fig. 4). These results demonstrate that 
<wo different mitogens can synergistically induce the 
expression of both TNF-a and TNF-/3 genes. The reg- 
ojlation of the TNF genes by glucocorticoids, prosta- 
glandins, cycloheximide, IFN-7, and different mito- 
jgens observed in cell lines was similarly observed in 
normal human peripheral blood leukocytes. In addi- 
tion to bacterial LPS and the mitogen PMA, both vi- 
ruses and poly(I) : poly(C) can induce the synthesis of 
TNF-a and TNF-/3 in TNF-producing cell lines and 
normal human leukocytes (Aderka et al. 1986; G. Wong 
and D. Goeddel, in prep.). 

Antitumor Properties of TNFs 

TNF is a term that was initially used to describe an 
activity present in the serum of bacillus Calmette- 
Guerin-infected endotoxin-treated mice that induced 
the hemorrhagic necrosis of certain transplantable tu- 
mors in inbred mice (Carswell et al. 1975). We have uti- 
lized this classic assay to compare further the ability of 
TNF-a and TNF-jS to induce necrosis of an established 
Meth-A sarcoma intradermal implant in (BALE/ 
cxC57BL/6)F, mice. Intravenous injection of 1-50 ng 
of either recombinant human TNF-a (r-hTNF-a) or 
r-hTNF-j3 induced significant degrees of hemorrhagic 
necrosis 24 hours after injection (Table 1). We have 
previously reported similar antitumor activity follow- 
ing intraperitoneal, intralesional, and intramuscular 
injections of TNF-a and TNF-jS (Gray et al. 1984; Pen- 
nica et al. 1984). 

Additional experiments were performed to charac- 
terize the in vivo antitumor activities of TNF-a against 
two subcutaneously implanted, chemically induced 
sarcomas of BALB/c origin (WEHI-164 and Meth A). 
Intravenous treatment with TNF-a significantly inhib- 
ited the growth of both sarcomas (Table 2). However, 
there were no complete remissions in the WEHI-164 



group and only one of ten animals in the Meth-A group 
completely rejected the tumor after TNF-a treatment. 
The site of tumor implantation appears to be a critical 
factor for the demonstration of antitumor activities of 
TNF-a against transplantable sarcomas, since Meth A 
and M5076 (a spontaneously arising ovarian sarcoma 
of C57BL/6 origin) implanted intraperitoneally are al- 
most completely refractory to the antitumor effects of 
TNF-a (M.A. Palladino, unpubl.). In contrast, treat- 
ment of the Meth-A tumor implanted intradermally re- 
sults in a cure rate of almost lOO^o. 

We have previously reported the ability of both TNF- 
a and TNF-jS to augment superoxide radical produc- 
tion, antibody-dependent cellular cytotoxicity, and 
phagocytosis by neutrophils (Shalaby et al. 1985). The 
role of neutrophils in host defense responses is well es- 
tablished, and they have been shown, to release acti- 
vated oxygen intermediates (Babior 1978) and interleu- 
kin-1 (Tiku et al. 1986). Other studies have shown that 
neutrophils can mediate endothelial damage in vitro 
and that TNF-a can directly stimulate endothelial cells 
to produce procoagulant activity (Harlan et al. 1981; 
Nawroth and Stern 1986). It is therefore quite possible 
that the association between changes in neutrophil 
functions and endothelial cell homeostatic properties 
mediates the antitumor activities of TNF in vivo (Pen- 
nica et al. 1986). This hypothesis is supported by the 
fact that intraperitoneally implanted Meth A is refrac- 
tory to the antitumor effects of TNF-a, whereas intra- 
dermally implanted Meth A is highly sensitive. Studies 
directed at addressing this hypothesis further are in 
progress and may give greater insight into the in vivo 
antitumor mechanisms of TNF. 

In Vitro Growth Activities of TNFs 

TNF-a and TNF-/3 have been shown to have compa-. 
rable cytostatic and cytolytic properties in vitro (Ag- 



Table 1. Necrosis of Meth-A Sarcoma after Intravenous Injection of 
r-hTNF-a or r-hTNF-/3 



Percentage of 

Intravenous Dose Hemorrhagic necrosis score ^j^^^;,^ 



treatment 


(MS) 


+ + + 


+ + 


+ 




>25% necrosis 


PBS 




0 


0 


2 


18 


0 


r-hTNF-a 


50 


15 


3 


1 


0 


95 




15 


13 


6 


1 


0 


95 




5 


13 


5 


0 


1 


95 




1 


3 


7 


7 


3 


50 


r-hTNF-/3 


50 


14 




4 


1 


75 




15 


15 


2 


2 


1 


85 




5 


n 


5 


2 


2 


80 




1 


4 


- 6 


6 


4 


50 



(BALB/c X C57BL/6)Fi female mice were injected intradermally with 5x10^ 
Meth-A sarcoma cells. After 7 days (average tumor diameter 0.75 cm), TNF 
was injected intravenously in 0.1 ml PBS; 24 hr later, the tumors were excised, 
sectioned, and scored as described previously (Carswell et al. 1975; Pennica et 
al. 1984), + + + represents between 50% and 75Vo of tumor mass necrotic; 
+ + represents between 25% and 50% of tumor mass necrotic; + represents 
less than 25% of tumor mass necrotic; - represents no visible necrosis. 



Table 2. Antitumor Effects of r-hTNF-a against 
Subcutaneously Implanted Sarcomas 





Intravenous 


Tumor size (mm) on days 




Sarcoma 


treatment 


7 


14 


21 


p Value 


Meth A 


PBS 


2.6 


7,1 


15.1 




WEHM64 


r-hTNF-Qf 


4.3 


4.3 


7.6 


<0.01 


PBS 


12.4 


- 25.2 


34.9 




r-hTNF-a 


9.3 


14.3 


22.9 


<0.01 



r-hTNF-a was administered daily from day 7 to day 18 for Meth A and from day 
5 to day 12 for WEHM64 at a dose of 25 ng/day and 15 /ig/day. respectively. There 
were 10 animals per group. 



garwal et al. 1984, 1985b,c). In addition, IFN-y can po- 
tentiate the antiproliferative effects of both cytokines 
on certain tumor cell lines (Williams and Bellanti 1983; 
Williamson et al. 1983; Lee et al. 1984; Stone-Wolff et 
al. 1984; Sugarman et al. 1985). Subsequent experi- 
ments using recombinant TNF-a and TNF-/3 demon- 
strated that they compete for the same binding sites on 
tumor cells, which probably accounts for their similar 
effects on tumor cell growth in vitro (Aggarwal et al 
1985a). 

A number of studies characterizing the effects of- 
TNF-a or TNF-/3 on the proliferation of various cell 
lines have been reported (Williamson et al. 1983; Lee 
et al. 1984; KuU et al. 1985; Sugarman et al. 1985; Rug- 
giero et al. 1986). Initial results indicated that cell lines 
can be subdivided into three categories on the basis of 
their response to TNF-a: (1) a cytostatic or cytolytic 
effect, (2) little or no antiproliferative effect, and (3) 
enhanced growth (Table 3). Furthermore, addition of 
exogenous growth factors can either inhibit the anti- 
proliferative response or enhance the growth-promot- 
ing effect of TNF-a (Vilcek et al. 1986; B.J. Sugarman 
et al., unpubl.). More recent results have shown that 
tumor cells sensitive to the cytotoxic effects of TNF-a 
are actually growth stimulated at relatively low concen- 
trations of TNF-a (G. Lewis et al., unpubl.). 

Approximately 40% of the established tumor cell 
lines are sensitive to the antiproliferative effects of 
TNF-a (Sugarman et al. 1985). Cells such as L929, 
WEHI 164, and UV1591-RE are extremely susceptible 
to TNF-a-mediated cytotoxicity (i.e., < 10 U/ml re- 
duces cell viability by 50%), whereas a similar decrease 
in the viability of the most sensitive human cell lipes 
(e.g., ME-180 and BT-20) requires a tenfold greater 
concentration oL TNF-a. IFN-7 can enhance the cyto- 
toxic effects of TNF-a on some TNF-sensitive cell types 
(e.g., ME-180 and BT-20) as well as cell lines that are 
insensitive to its antiproliferative effects (e.g., A549, 
B16F10, Saos-2, and WI38 VA13) (Sugarman et al. 1985, 
unpubl.). However, treatment of tumor cells with both 
IFN-7 and TNF-a does not always result in an en- 
hanced cytotoxic response; no synergistic antiprolifer- 
ative response is seen on T24 bladder carcinoma, Calu- 
3 lung carcinoma, or RPMI 7272 melanoma cell lines, 
which are all refractory to the cytotoxic effects of TNF- 
a alone (Sugarman et al. 1985; Tsujimoto et al. 1986). 
The response of normal fibroblasts to treatment with 



TNF-a in vitro is completely different from that of 
other cell lines.. Their growth is stimulated in the pres- 
ence of picomolar concentrations of TNF-a (Sugarman 
et al. 1985; Vilcek et al. 1986). An antibody that neu- 
tralizes the cytotoxic effects of TNF-a on tumor cells 
abrogates TNF-a-induced proliferation of normal fi- 
broblasts (Sugarman et al. 1985). IFN-7 interferes with 
TNF-a-induced growth of normal fibroblasts in a dose- 
dependent manner (Sugarman et ah 1985; Vilcek et al. 
1986). This TNF-a-induced fibroblast proliferation can 
also be augmented by exogenously added factors. In- 
sulin and platelet-derived growth factor enhance the 
proliferation of NRK-49F fibroblasts (G. Lewis et al., 
unpubl.). 

It is not clear how TNF-a can stimulate the growth 
of certain cell lines while inhibiting the growth of oth- 
ers. Variations in the proHferative responses induced by 
TNF-a are not necessarily due to differences in the 
number of binding sites per cell or their affinity for 
TNF-a (KuU et al. 1985; Sugarman et al. 1985; Tsuji- 
moto et al. 1986). The ability of TNFs to both stimu- 
late, and interfere with cell proliferation is similar to 
transforming growth factor-/3, a distinct growth fac- 
tor/inhibitor (Tucker et al. 1984; Roberts et al. 1985), 
and may be characteristic of proteins involved in hom- 
eostatic regulatory mechanisms. 

Antiviral Properties of TNFs 

In response to viral infection in vivo, interferons 
(IFNs) are secreted and induce a state of viral resis- 
tance in noninfected cells (Stewart 1981). TNF-a and 
TNF-/J also have antiviral activity on some cells and 
antiviral enhancing activity on most cells tested. 

TNF-a and tNF-/3 inhibit the cytopathic effects of 
vesicular stomatitis virus (VSV) in murine epithelial 
cells (C127) and rat fibroblasts (Rat-1). In addition to 
inhibition of the VSV-mediated cytopathic effect, TNF- 
a and TNF-jS also dramatically decrease the VSV yield 
in these cells (Fig. 5). This antiviral activity is dose- 
dependent and is neutralized by respective monoclonal 
antibodies against human TNF-a and TNF-/3. The an- 
tiviral activity of TNFs is not caused by the induction 
of IFNs from these cells, since the antiviral activity is 
not abolished by polyclonal or monoclonal antibodies 
against IFN-a, -/?, or -7. The antiviral effects of TNF- 
a and TNF-/J are also observed with encephalomyocar- 
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Table 3. Response of Various Cell Lines to TNF-a or TNF-P In Vitro 



Growth Enhancement 
CCD-I8C0 (normal human colon) 
Detroit 551 (normal human fetal skin) 
FS-4 (normal human foreskin) 
FS-48 (normal human foreskin) 
LL24 (normal human lung) 
NRK-49F (normal rat kidney) 
Osteoclasts 

WI38 (normal human fetal lung). 
WI-1003 (normal human lung) 

Null response 
A549 (human lung carcinoma) 
B16 (murine melanoma) 
B16F10 (murine melanoma) 
Calu-3 (human lung carcinoma) 
CMT-93 (murine rectal carcinoma) 
G-361 (human melanoma) 
HeLa (hunian cervical carcinoma) 
HeLa D98 (human cervical carcinoma) 
HT-29 (human colon carcinoma) 
HT1080 (human fibrosarcoma) 
KB (human oral epidermoid carcinoma) 
LS174T (human colon carcinoma) 
RD (human rhabdosarcoma) 
Saos-2 (human osteogenic sarcoma) 
SK-CO-1 (human colon carcinoma) 
SK-LU-1 (human lung carcinoma) 
SK-OV-3 (human ovarian carcinoma) 
SK-UT-1 (human uterine carcinoma) 
S49 (murine lymphoma) 
T24 (human bladder carcinoma) 
WI38 VA13 (human transformed WI38) 

Antiproliferative response 
BT-20 (human breast carcinoma) 
BT-475 (human breast carcinoma) 
B6MS2 (murine sarcoma) 
B6MS5 (murine sarcoma) 
CMS4 (murine sarcoma) 
CMS 16 (murine sarcoma) 
L929 (murine fibroblast) 
MCF7 (human breast carcinoma) 
ME-180 (human cervical carcinoma) 
Meth A (murine sarcoma) 
MMT (murine breast carcinoma) 
SAC (Moloney-transformed murine 3T3) 
SK-MEL-109 (human melanoma) 
SK-OV-4 (human ovarian carcinoma) 
UV1591-RE (murine fibrosarcoma) 
WEHI-164 (murine sarcoma) 
WiDr (human colon carcinoma) 



Sugarman et al. (1985) 

Sugarman et al. (1985) 

Vilcek et al. (1986) 

Kohase et al. (1986) 

Sugarman et al. (1985) 

CD. Lewis et al. (in prep.) 

Bertolinietal.(1986) • 

Lee et al. (1984); Sugarman et al. (1985) 

Sugarman et al. (1985) 



Sugarman et al. (1985) 
Leeetal. (1984) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Ruggiero et al. (1986) 

Ruggiero et al. (1986); Tsujimoto et al. (1986) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Sugarman et al. (1985) 

Lee et al. (1984); Sugarman et al. (1985) 



Sugarnian et al. (1985) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 
Urban et al. (1986) 
Sugarman et al. (1985) 
Sugarman et al. (1985) 



ditis (EMCV) and herpes simplex virus types 1 and 2 
(HSV-1 and HSV.2). Coincubation with the RNA syn- 
thesis inhibitor actinomycin D (1 /xg/ml) or the protein 
synthesis inhibitor cycloheximide (1 /ig/ml) abolishes 
the antiviral activity of TNFs. A 24-hour preincubation 
with TNF provides complete protection against VSV in 
C127 cells. The antiviral activity of TNF is also ob- 
served in human renal carcinoma 7860, lymphoid 
RPMI 8226, and murine macrophage RAW 264 cell 
lines. Human TNFs exhibit antiviral activity on some 
murine cell lines, and murine TNF-a also protects some 
human cells from viral infection. This suggests that the 
antiviral activity of TNF-a and TNF-jS is not species- 
specific. 



TNF-a or TNF-/3 alone protects against viral infec- 
tion in some cell lines but is inactive in most cells. 
However, they enhance the antiviral activity of IFN-a, 
and -7 on a variety of cell types tested. An example 
of their synergistic antiviral action using EMCV and 
the human lung carcinoma A549 cell line is shown in 
Figure 6. Similarly, the activity of bovine IFN-7 against 
VSV in bovine MDBK cells is also enhanced by human 
TNF-a or TNF-/?. 

Although IFN-7 is active in protecting most cells 
from VSV infection, 1 ^g/ml (10* units in the EMCV 
assay) of human IFN-7 has no detectable activity 
against VSV in the A549 cell line. However, IFN-7 is 
effective in protecting against VSV infection in the 
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presence of TNF-a or TNF-i3, although IFNs alone 
have no activity in these cells. As little as 1 ng/ml of 
IFN-7 and either,TNF-a or TNF-0 gave complete pro- 
tection. Furthermore, this combination strongly inhib- 
its the replication in A549 cells of the DNA viruses ad- 
enovirus-2, HSV-1, and HSV-2. IFN-7 alone is relatively 
ineffective. TNFs also enhance the antiviral activity 
of IFN-a and IFN-/3, although to a lesser extent than 
IFN-7. 

TNF-a or TNF-^ also enhances the antiviral activity 
of IFN-7 on a Variety of transformed and normal cell 
lines. These include transformed cell lines of human 
(HeLa cervical carcinoma, HT1080 fibrosarcoma, 7860 
renal carcinoma, T24 bladder carcinoma, HT-29 colon 
carcinoma, ST.486 Burkitt lymphoma, RPMI 8226 
myeloma, and U87MG glioblastoma), rat (C6 gli- 
aloma), and murine (C127 epthelialoma and RAW 264 
macrophage) origin, and three normal fibroblast cell 
lines (murine 3T3 and rat NRK and Rat-1). Thus, the 
antiviral potentiating activity of TNF-a or TNF-/3 is 
not virus-, cell-type-, or species-specific. 

In addition to its preventive role against virus infec- 
tion, TNF-a and TNF-j3 selectively kill virus-infected 



cells under certain conditions. This killing is enhanced 
by IFN-a, -/?, or -7. Thus, one major function of TNFs 
may be to broaden and extend the antiviral activity of 
IFNs by inducing cellular resistance in uninfected cells 
and by selectively destroying virus-infected cells. These 
results have implications for the therapy of the many 
medically important viral diseases caused by DNA and 
RNA viruses. 

Effect of TNFs on HLA-B7 and HLA-DR Expression 

The expression of the major histocompatibility com- 
plex (MHC) is essential for the initiation and regula- 
tion of the immune response. TNFs, like IFNs, can reg- 
ulate the expression of both class I (HLA-B7) and class 
II (HLA-DR) MHC genes. Human bladder carcinoma 
T24 cells express detectable levels of HLA-B7 but not 
HLA-DRi3 mRNA. Incubation with TNF-ck (0.1 /tg/ml) 
or IFN-7 (0.01 Mg/ml) for 24 hours results in a fivefold 
increase of HLA-B7 but not HLA-DR mRNA. The in- 
duction is greater for the combination of IFN-7 and 
TNF-a than for either cytokine alone. Induction of 
HLA-B7 by IFN-7 is direct because an increase in 
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Figure 6. tNF-a and TNF-/3 enhance the antiviral activity of 
IFN-7 in A549 cells. A549 cells were grown to confluency, 
treated with human TNF-a (0.1 fig/m\), TNF-jS (0.1 ^g/ml), 
the indicated concentrations of IFN-7, or the combinations 
for 24 hr before challenge with EMCV at a m.o.i. of L After 
24 hr, the cytopathic effect was determined by staining the 
cells with crystal violet, and the titer was quantitatively mon- 
itored using a micro-ELISA autoreader. The assay was stand- 
ardized to the International Reference Sample of the National 
Institutes of Health human IFN-7 (Gg 23-901-530). 



HLA-B7 mRNA by IFN-7 can be detected after 4 hours 
of treatment in the presence of cycloheximide. In con- 
trast, the induction of HLA-B7 by TNF-a can be 
blocked by cycloheximide, and the induction can only 
be detected after 12 hours of treatment. These results 
suggest that the induction of HLA-B7 mRNA by TNF- 
ot is indirect. It is possible that TNF-a induces the syn- 
thesis of IFNs that cause the increase in HLA-B7 
mRNA. However, the HLA-B7-inducing activity of 
TNF-a in T24 cells cannot be blocked by antibodies 
that neutralize IFN-a, or -7. 

Although TNF-a and IFN-7 do not induce HLA-DR 
in most cell lines, they do induce HLA-DR/3 mRNA in 
two human monocyte-like cell lines: the promyelocytic 
leukemia HL-60 and the histocytic lymphoma U937. 
The class-II-MHC-inducing activity of TNF-a is less 
potent than IFN-7 but is detectable at 24 hours. The 
combination of TNF-a and IFN-7 induces approxi- 
mately tenfold higher levels of the HLA-DR/3 mRNA 
in these cells than TNF-a or IFN-7 alone. TNF-i3 also 
enhances the expression of both HLA-B7 and HLA- 
DR mRNAs in HL-eO and U937 cells. 



The expression of class I and class II MHC antigens 
has emerged as an essential component for antigen 
presentation in an immune response and in the control 
of tumor growth in vivo (Tanaka et al. 1985). Thus, 
TNFs and IFN-7 may potentiate the immune response 
through the synergistic amplification of MHC gene 
expression on a variety of cell types. 

Catabolic Effects of TNFs 

TNF-a is thought by some to be the agent that causes 
cachexia or wasting in parasite-infected animals (Beu- 
tler and Cerami 1986). However, there is no direct evi- 
dence to support this hypothesis. In cultured adipo- 
cytes, TNF can inhibit the transcription of genes 
encoding enzymes involved in fatty acid uptake and 
lipid synthesis (Torti et al. 1985). This fact, coupled 
with the observation that the serum of wasting animals 
can have elevated lipid levels, has led to the TNF-cach- 
exia theory (Beutler and Cerami 1986). 

When the ability of TNF-a to inhibit lipid anabolism 
in adipocytes is compared with that of other cytokines, 
we found that this property is not unique to TNF-a but 
is instead a general property of many cytokines (Patton 
et al. 1986). In addition to TNF-a and TNF-/3, IFN-c^, 
IFN-/3, IFN-7, and interleukin-1 appear to inhibit lipid 
anabolism (Keay and Grossberg 1980; Beutler and Cer- 
ami 1985; Patton et al. 1986). Table 4 shows the effect 
of a variety of cytokines on ^H-labeled acetate uptake 
into lipid by 3T3 LI fibroblasts and adipocytes. Both 
human TNF-a and TNF-jS act across species bounda- 
ries to inhibit acetate uptake in mouse adipocytes. Mu- 
rine IFN-7 exhibits 90% inhibition against mouse adi- 
pocytes, in contrast to human IFN-7, which shows no 
effect. However, ^H-labeled acetate uptake is inhibited 
by human IFN-a (hybrid IFN-a2/al [5g/II]), which 
does exhibit cross-species antiviral activity. Uptake of 
^H-labeled acetate by undifferentiated adipocytes (3T3 
LI fibroblasts) is also inhibited by the cytokines, al- 
though not as markedly (35-40%) as in the differen- 
tiated cells. Furthermore, these same cytokines inhibit 
lipoprotein lipase activity (the enzyme responsible for 
removing lipid from the serum) and stimulate the re- 
lease of fatty acids into the medium (Patton et al. 1986). 
Thus, the net effect of cytokine action on a fat cell is 
catabolic; fat uptake and synthesis are inhibited and 
fat mobilization is stimulated (a situation that arises 
during starvation). 

The short-term in vivo catabolic effect of cytokines 
is to mobilize fat into the circulation for utilization by 
the immune system (Beutler and Cerami 1986). If the 
infection becomes chronic, wasting ensues. Although 
exudates from endotoxin-stimulated macrophages have 
been reported to cause dose-dependent wasting in mice 
when injected over a period of days (Cerami et al. 
1985), we have been unable to induce wasting in rats . 
with repeated injections of highly purified recombi- 
nant human TNF-a. In our experiment, the initial in- 
jections cause a loss of appetite and an increase in 
blood lipids that lasts for about 24 hours. However, 



Table 4. Effect of Cytokines on ^H-labeled Acetate Uptake in 3T3 LI 
Adipocytes and Fibroblasts 



Cell type 




pmuics aceiaie 


Cytokine 


tmf /hr /mn r\mt^tw% 

upidKe/nr/ing proiein 


3 13 LI Murine 


Control 


53.6±9.7'» 


Adipocytes 


r-hTNF-a 


4.6 ± 0.6b 




r-n 1 iNr-Qf + r-n i iNr-of antiDOoy 


57,6 ± 8.9 




r-hTNF-)3 


A f\ ^ f\ Ah 




r-mIFN-7 


^ "X ^ n Ah 
J.J ± I/, •J" 




r-hlFN-Y 


51 7 + 7 7 




r-hIFN-Qf2/al(Bg/II) 


4.9 ± 0.4*' 


3T3 LI Murine 


Control 


8.0 ±0.5 


Fibroblasts 


r-hTNF-a 


5.2± 1.0<^ 




r-hTNF-/? 


4.5 ±0.6^ 




r-mIFN-7 


5.2 ±0.8^ 



Cells were treated with cytokines (~1.5 hm) for 24 hr and then given ^H-labeled 
acetate for 1 hr. 



®Mean ± s.d. {n = 3). 

< 0.0001 relative to control value. 
< 0.005 relative to control value. 

< 0.025 relative to control value. 



appetite returned and tolerance developed by the sec- 
ond day (J. Patton et al., unpubl,). Comparisons be- 
tween these two experiments are difficult. The fact that 
rapid tolerance to TNF did develop is intriguing and 
we are investigating this further. Another question that 
merits further work is whether or not the cytotoxic ef- 
fect of cytokines on certain cells is simply an expres- 
sion of the same catabolic effects that are seen on fat 
cells. 

The observation that a variety of cytokines can be 
catabolic suggests that release of individual cytokines 
in the animal may be separated in location and time. 
Perhaps during the multiple phases of host response to 
infection there is a succession of cytokines appearing 
and disappearing in the circulation or at the site of in- 
fection. Alternatively, different infections (e.g., viral, 
microbial, and parasitic) or different tissues subject to 
the same infection may induce a different set of cyto- 
kines. Thus, if energy mobilization is to occur in many 
types of infection or in many sites within the body, it 
is critical that several cytokines with overlapping bio- 
logical function share this host defense activity. 

TNF Receptor Binding Studies 

Both TNF-a and TNF-/? interact with cells via spe- 
cific cell-surface receptors (Aggarwai et al. 1985a; Hass 
et al. 1985; Sugarman et al. 1985). The binding is both 
time- and temperature-dependent, reaching a maxi- 
mum within 1 hour at 37^C. The binding requires 4-6 
hours to plateau at 4^C. For both cytokines, a single 
class of high-affinity receptors with a of approxi- 
mately 10- '0 M has been identified on a variety of tu- 
mor cell lines. In a few cases (e.g., 3T3 LI adipocytes; 
Patton et al. 1986), both low- and high-affinity recep- 
tors for TNF-a were observed. Most of the tumor cells 
examined have 1000-5000 receptors per cell. 

Whether full receptor occupancy is needed for the 
biological response of TNF-a or TNF-/3 is not yet clear. 



The concentration of TNF-/3 required for 50% killing 
of murine L929 cells is the same as that required to 
displace SO^o of maximum binding, suggesting that full 
receptor occupancy is essential (Hass et al. 1985). 
However, the cytotoxic activity of TNF-a and TNF-jS 
can be observed at severalfold lower concentrations 
with actinomycin-D-treated or mitomycin-C-treated 
cells. These metabolic inhibitors have no effect on the 
Ka of ligand binding, suggesting that under these con- 
ditions a very small fraction of the total receptors must 
be occupied for the cytotoxic response. The binding of 
'"I-labeled TNF-a to cells can be effectively competed 
by unlabeled TNF-/?, suggesting that both molecules 
are recognized by the same cell-surface receptor. This 
is probably a result of the structural similarity of TNF- 
a and TNF-/3 and explains their many common biolog- 
ical properties. 

The receptor for TNF is probably a protein, since 
the binding of TNFs to cells can be abolished by pre- 
treatirig the cells with proteolytic enzymes. After pro- 
tease removal, binding of ligand can be completely re- 
stored in 24 hours (B.B. Aggarwai and T. Eessalu, 
unpubl.). The binding of some peptide hormones to cell 
surfaces can be abolished by gangliosides (Van Heynin- 
gen 1974), However, gangliosides. were found to have no 
effect on the binding of TNFs to the TNF receptor. 

The binding of TNFs to the TNF receptor is not di- 
rectly correlated with effects on cell proliferation (Sug- 
arman et al. 1985). Cell lines on which treatment with 
TNF-a or TNF-^ had no effect on growth (e.g., T24 
bladder carcinoma) bound these ligands with the same 
affinity as cell lines that were highly sensitive (Fig. 7). 
A cell line whose growth was inhibited by TNF (ME- 
180 cervical carcinoma) bound to the ligand with the 
same affinity as cells that were growth stimulated by 
TNF (WI38 lung fibroblasts). A similar number of re- 
ceptors per cell were determined on all three cell types. 
The lack of correlation between binding and biological 
response of a given hormone has been observed previ- 
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Figure 7. Competition curves of '"Mabeled TNF-a with un- 
labeled TNF-a for binding to various cell lines. {Top) ME-180 
cervical carcinoma; (middle) T24 bladder carcinoma; (bot- 
tom) W138 lung fibroblast. (Insets) Scatchard analysis of the 
binding data. For experimental details, see Aggarwal et al. 
(1985a) and Mass et al. (1985). 



ously for other proteins (Marchand-Brustel et al. 1985). 
This could be due to a cascade of events involved in ttie 
ultimate response of the cell to a given ligand. It is con- 
ceivable that nonresponsive cells may be defective for 
any one or more of these events. 

We have reported that the cytotoxic activity of both 
TNF-a and TNF-0 can be potentiated synergistically 
by IFN-7 (Lee et al. 1984; Sugarman et al. 1985). 
though the mechanism of this synergy is not known, 
preexposure of cells to IFN-7 increases the total num- 
ber of TNF receptors without affecting the affinity of 
the receptor-ligand interaction (Aggarwal et al. 1985a). 
A typical enhancement in TNF binding to B16 mela- 
noma cells after exposure to IFN-7 is shown in Figure 
8, Treatment of these cells for 16 hours with IFN-7 re- 
sults in an approximately twofold increase in receptor 
number. Since this increase in TNF-a binding requires 
protein synthesis, it can be proposed that IFN-7 in- 
duces the de novo synthesis of TNF receptors. Whether 
the increase in receptor number is sufficient to explain 
synergistic action of TNF with IFN-7 is uncertain. Re- 
ceptor induction may be just one part of the total 
mechanism of synergy. Since inhibitors of protein and 
RNA synthesis also potentiate the cytotoxic activity of 
TNFs, it is possible that IFN-7 also suppresses the syn- 
thesis of certain proteins that antagonize the actions of 
TNFs. 

TNF-a and TNF-/3 display little species specificity. 
Radiolabeled human TNF-a and TNF-/3 bind to both 
human and murine cell lines, and this binding can be 
competed with both unlabeled murine and human 
TNFs. This is likely due to the close homology of hu- 
man and murine TNFs (>80<?'b amino acid sequence 
identity). 




1000 



[TNF) nM 

Figure 8. Induction of TNF-a receptors by IFN-7 on B16F10 
melanoma cells. Competitive curves for untreated cells (•) 
and for cells treated overnight with IFN-7 (A) are indicated. 
(Inset) Scatchard analysis of the binding data. 
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CONCLUSION 

Our understanding of the TNF system has advanced 
tremendously over the past few years. The elucidation 
of the sequences of TNF-a and TNF-/? by direct bio- 
chemical analysis and cDNA cloning has revealed that 
these cytokines are structurally related. Furthermore, 
the TNF genes are closely linked, their expression is 
tightly regulated, and the encoded gene products share 
many important biological properties. The biological 
activities of TNF-a and TNF-/3 are mediated through 
interaction with a common cell-surface receptor. The 
availability of cloned TNF genes and highly purified 
TNF preparations from recombinant E, coli should . 
make it possible to address the many questions that 
remain unanswered concerning the regulation of TNF 
expression and the mechanisms of TNF action. 
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